Background: Lymphatic anomalies (LAs) include several disorders in which abnormal lymphatic tissue invades the neck, chest, and various organs. Progressive cases may result in lethal outcomes and have proven difficult to treat. Sirolimus is showing promising results in the management of vascular anomalies. We examined the efficacy and safety of sirolimus treatment in patients with progressive LAs.
LMs are more infiltrative and difficult to treat. Interferon, corticosteroids, and propranolol have been used in the treatment of inoperable LMs, although their effects are limited and they are not indicated for this disease [3] . GLA is a rare and often fatal congenital lymphatic disorder that also commonly affects bone; it occurs predominantly in childhood or early adulthood. Kaposiform lymphangiomatosis (KLA) is a novel subtype of GLA with foci of spindle endothelial cells amid a background of malformed lymphatic channels [1, 4] . GSD is also characterized by lymphatic malformation, affecting a single or multiple bones and adjacent soft tissues; the osteolysis is progressive and invades the bone cortex [4] . The progression of GSD often includes visceral progression with thoracic and abdominal involvement, leading to effusions and ascites [4] . CCLAs are channel-type lymphatic malformations of named trunks. Anatomic changes like stenosis or closure of the large draining lymphatics like the thoracic duct as well as dysfunction lead to a reflux into the conducting channels with leakage into organs and skin [1] . A survey of previously published studies [4] of these diseases in Japan showed that the mortality rate was 20% (17/85) and all of the deceased had thoracic lesions. Management of LAs is challenging, with frequent poor responses to medical therapy and a poor prognosis [1] .
The mammalian target of rapamycin (mTOR) activates protein synthesis, resulting in numerous cellular processes including cell proliferation and increased angiogenesis, thus playing a key role in the pathogenesis of various vascular anomalies [5] . The mTOR inhibitor sirolimus has been identified recently as a promising treatment for LAs. Hammill et al. reported on four patients with diffuse microcystic LM who displayed good clinical response to sirolimus treatment with mild and reversible side effects [5] . Adams et al. showed a high response rate to sirolimus treatment in LA patients [6] . Some studies have investigated the mechanisms by which sirolimus acts on lymphatic endothelial cells and LM lesions in these patients [7] . Sirolimus has also been shown to inhibit lymphangiogenesis [7] . In preclinical models, rapamycin prevents or inhibits lymphangiogenesis in zebrafish [8] and in mouse skin flaps, kidney allograft injury, and tumor metastasis [9, 10] . Rapamycin also suppresses growth of lymphatic endothelial cells in vitro [11] . It is thought to act on lymphatic tissues within lesions to regulate the production and leakage of lymph by decreasing lymphatic endothelial cell activity. Thus, we conducted this study to verify whether treatment with sirolimus will reduce the volume of lesions in lymphatic tissues and improve clinical symptoms in patients with LAs.
Herein we present our experience with 20 patients treated with sirolimus and discuss medical actions taken in the treatment of lymphatic lesions and patient outcomes.
Methods

Study objectives
The primary objective of the study was to assess the radiographic response rate (response rate of radiological volumetric change of the target lesion) to sirolimus treatment at 6 months. Secondary study objectives were as follows:
To assess the radiological response rate at 3 months To assess improvement in the clinical severity score and the quality of life (QOL) score at 6 months To assess the association of the radiological response with improvement in the clinical severity and QOL scores
To assess the safety (adverse events and side effects) of sirolimus treatment in patients with LAs
Study outline and enrollment
This was a prospective trial at Gifu University Hospital in Japan. Informed consent was obtained from patients, parents, or legal guardians (when the subject's age was less than 20 years at consent). Inclusion criteria were as follows: definitively diagnosed with cystic LM (head, neck, thoracic, peritoneal cavity, or retroperitoneum), GLA, GSD, or CCLA, excluding other lymphatic diseases (primary lymphedema and others); having at least one target lesion (e.g., cystic LM or lymphedema) that was measurable using magnetic resonance imaging (MRI); and having severe disorders and symptoms that required systemic therapy because of the target disease (bleeding, chronic pain, recurrent cellulitis, ulceration, visceral and/or bone involvement, as well as potential effects on organ function, including the eye, airway, and ear). Criteria for patients with LAs were defined as follows: cystic LM involved single, or multiple cystic LM lesions; KLA also involved multiple lymphatic lesions with spindle cell foci confirmed by pathological examination; GSD involved cortical bone loss and/or progressive bone resorption; GLA involved diffuse multiple lymphatic lesions in which spindle cell foci were not confirmed by pathological examination and there was an absence of progressive osteolysis; and CCLA had evidence of central conducting lymphatic channel abnormalities by radiological examination. Exclusion criteria were as follows: an active infection that requires systemic treatment; uncontrolled diabetes, hypertension, hyperlipidemia, or a chronic liver or kidney disease; a history of an allergic reaction to sirolimus; an immunodeficiency condition such as a human immunodeficiency viral infection or primary immunodeficiency disease; having undergone surgery (resection, sclerotherapy, or endovascular treatment), drugs (steroids, interferon, Chinese herbs, or chemotherapeutic agents) for the target lesion within at least 8 weeks prior to the date of obtaining consent for participation in this trial, or not being able to deny the possibility of remaining effects caused by surgery; pregnant, breast-feeding, or may be pregnant, or without consent to contraception during the clinical trial period; or judged by the principal investigator/sub-investigator to be ineligible to participate in this clinical trial for other reasons.
Treatment and evaluation
Patients with a body surface area (BSA) ≥1.0 m 2 were administered 2 mg (2 tablets) once a day, while those with a BSA of < 1.0 m 2 were administered 1 mg (1 tablet) once a day. Patients unable to swallow whole tablets took crushed sirolimus tablets at a dose of 1.6 mg/m 2 once per day. The dose was adjusted so that the nadir concentration remained within 5-15 ng/ml. All patients were treated with sulfamethoxazole/trimethoprim for prevention of Pneumocystis pneumonia. Discontinuation criteria were as follows: hematotoxicity over grade 3 according to the Common Terminology Criteria for Adverse Events (CTCAE) V4.0, adverse event other than hematotoxicity (except hyperlipidemia) over grade 4 according to CTCAE V4.0, or other equivalent reasons as determined by the principal physician.
The primary endpoint was response rate, defined as the proportion of patients who achieved a complete response or partial response as determined by radiological examination at 6 months after initiating treatment with the trial drug. The area dimensions of lymphatic tissues or cysts demonstrated using MRI with T2 fat-saturated sequences were measured using the Digital Imaging and Communications in Medicine (DICOM) viewer (OsiriX© v.9.0; Pixmeo. Bernex, Switzerland). Quantitative analysis was automatically performed to measure the area dimensions of the lesion using the region of interest (ROI) tool. If ROIs could not be calculated because of the intricate shapes of the lesions, measurement was performed using a manual computing tool (closed polygon ROI). Other pathological lesions, namely inflammatory, bleeding, and hematomas, were removed. The volume of the target lesion was calculated by multiplying these ROI areas by the slice width. If the affected area was diffuse or extensive, the measuring range was based on the normal organ position and landmarks (e.g., location of the spine). The evaluation criteria were defined as follows: complete response (CR), disappearance of all target lesions; partial response (PR), at least a 20% decrease in volume of the target lesion; progressive disease (PD), a 20% or greater increase in volume of the target lesion; and stable disease (SD), insufficient shrinkage to qualify as a partial response and insufficient growth to qualify as PD. Secondary endpoints were the response rate at 3 months, improvement in clinical symptoms caused by LM lesions, QOL scores at pretreatment and 6 months, and side effects. These were measured using PedsQL™ 4.0 Generic Core Scales (< 25 years old) [12] , Functional Assessment of Cancer Therapy-General (FACT-G) (> 25 years old) [13] , and CTCAE V4.0, respectively. The QOL scale was adjusted based on the QOL scale for each age. Regarding clinical symptoms, the optimal measure of disease severity in patients with vascular anomalies has not been established because LMs cause various symptoms and affect several organs. Therefore, this study used the severity measurement score for vascular anomalies to assess the degree of impairment of affected organs (Table 1) . This score has been adopted from other severity scales that have been validated or are conventional objective measurements (ex. CTCAE, World Health Organization bleeding scale [14] , and modified Rankin Scale [15] ).
Data analysis
Descriptive statistical methods and the Wilcoxon signed rank test for comparison between pretreatment and 6 months were used in the statistical analyses. Statistical analysis was performed using GraphPad Prism version 7. A value of P < 0.05 was considered statistically significant.
Results
Patient characteristics
We reviewed 20 patients with LMs (five with cystic LM, three with KLA, three with GLA, six with GSD, and three with CCLA) who were treated with sirolimus at our institution. Patient characteristics and treatment are summarized in Table 2 . Mean patient age was 16.0 years (range: 2 weeks-55 years). Five patients with LM had giant craniocervical lesions, and treatment of these lesions with surgery and sclerotherapy was not effective. They suffered from recurrence of respiratory distress, mucosal bleeding, and chronic infections. Three patients with KLA had medullary bone osteolysis, thoracic and mediastinal masses, and coagulation disorders, causing respiratory distress, chylothorax, and gastrointestinal hemorrhaging. They were pathologically diagnosed with KLA. It was difficult to control these symptoms with conventional treatment. Three patients with GLA also had thoracic and abdominal lesions and suffered from ascites, lymphorrhea, and cellulitis. Patients with GSD had osteolytic lesions in the thigh, lower limbs, skull base, and mandible. These lesions were progressive and destructive, and patients suffered from pathological fractures, pain, and neurological disorders. An infiltrative soft tissue abnormality adjacent to the area of osseous involvement was identified. Two patients with CCLA had an abnormality in the central conducting lymphatic channels, thoracic and mediastinal lesions, and leakage of lymph fluid. These symptoms were intractable and uncontrollable by conventional therapies. All patients had at least one target lesion (e.g., a cystic LM or lymphedema) that was measurable using MRI, and they were examined at 3 and 6 months (Fig. 1) .
Treatments, efficacy, and safety
The mean duration of sirolimus treatment was 12.5 months (range: 6-30 months). The mean trough concentration of (14/20) of patients at 2 weeks after administration was less than 5 ng/ml, the levels after loading increased to target trough levels. All patients were able to continue treatment for over 6 months without any discontinuations. Case number 2: a 2-week-old girl had a giant cystic LM lesion in her right neck, axilla, trunk, and abdominal cavity from the fetal period. The right axilla lesion showed hemorrhagic cysts and contained venous components. She needed a blood transfusion because of her anemia. Written informed consent was obtained from the patient's parents for treatment and photographs and she was treated with oral sirolimus. One week later, her anemia and the color tones of her lesions improved without any other treatments, such that she did not require another blood transfusion. All LM lesions gradually decreased and the patient had no treatment-related side effects. The rate of radiological volumetric change in the lesion at 6 months was − 24.2% (Fig. 2) .
Case number 7: an 8-year-old boy with KLA suffered from severe scoliosis, pain, thrombocytopenia, and coagulopathy. The radiological examination showed diffuse osteolytic lesions of the spine, a mediastinal mass, and thickening of bronchovascular bundles and interlobular septa. A biopsy specimen from the lesion showed dilated malformed lymphatic channels lined with a single layer of endothelial cells and foci of abnormal spindle lymphatic endothelial cells. Written informed consent was obtained from the patient's parents for treatment and photographs and he was treated with sirolimus; however, the radiological response showed that he had SD (− 8.3% volumetric reduction in the lesion), and his symptoms, including scoliosis and coagulopathy, did not improve at 6 months after the start of treatment (Fig. 3) . The patient did not have any severe side effects.
Fifty percent (10/20) of patients had a PR by radiological examination at 6 months. At 3 months, 35.0% (7/ 20) already showed a PR and the volume of their lesions was reduced over time. No patient achieved a CR. Lesion size did not increase by 20% or more in any patient; however, symptoms of one GSD patient (number 15) and one CCLA patient (number 20) worsened, and both died because of disease progression. The entire patient cohort had a significant improvement in the total severity score of their disease and in the QOL score (p = 0.0029 and p = 0.0129, respectively) ( Table 3 ). Both physical and psychological QOL scores also improved. The PR group of patients showed a significant improvement in the total severity score of their disease and QOL score (p = 0.0020 and p = 0.0117, respectively). However, 10 patients who had SD and did not have a reduction in the size of their lesions showed no improvement in the total severity score or QOL score. Four SD patients (numbers 5, 10, 18, and 19) did not have any reduction in the size of their lesions, but total severity scores and QOL scores improved. Some severity scores of particular organs in patients with symptoms at pretreatment showed a tendency of improvement (the mean change severity score after sirolimus treatment: bleeding of low-risk organ (n = 8); − 1.125, respiratory (n = 9); − 1.0, abdominal (16/20) had side effects, such as stomatitis, infection, and hyperlipidemia. Grade 3 infections (upper respiratory infection, cellulitis, and pneumonia) associated with sirolimus were seen in three patients, but no patient discontinued treatment, and sirolimus was generally well tolerated.
Discussion
In this study, we analyzed the effects of sirolimus for the treatment of LMs. Our study protocol used novel and facile methods of radiological examination. We assessed the association between radiological response and clinical symptom improvements. Patients that had a reduction in the size of the lymphatic area affected showed an improvement in both clinical symptoms and QOL scores. Assessments of QOL and severity measurement scores were useful in evaluating the efficacy of sirolimus treatment.
Sirolimus has recently been reported to be effective in the treatment of vascular anomalies [16, 17] . It has been shown to be highly efficacious in improving the condition of LM patients [17] . In a recent review, 95.2% (60/ 63) of patients reported in previous studies showed some response to sirolimus treatment [17] . They included not only patients with LMs but also those with capillarylymphatico-venous malformations and venolymphatic malformations. In patients with LMs, the response rate was 92.1% (35/38, excluding seven patients who were not reported), with three patients having PD. Although we have to consider publication bias, the response rate in this review was extremely high. Their review included a heterogeneous patient population that was similar to the patients in our study. If our response criteria included not only the radiological response but also severity and QOL scores, then the response rate would increase to 70% (14/20) , hence exceeding the radiological response rate alone. These results were also similar to those of previous reports. Most patients had a partial response, not a complete response [17] , but sirolimus may be a very useful option for the treatment of patients with LMs. For example, the ability of sirolimus to shrink LM lesions may make surgical resection possible in more patients, and sirolimus could play a role in the preoperative treatment for refractory cases of massive LM lesions. Methods for evaluating the efficacy of sirolimus treatment have not been established. Because LM patients have variable symptoms and problems, we need to establish objective and comprehensive methods. A previous phase II trial reported using three distinct assessments involving radiological examination, functional impairment score, and QOL score [6] . Scoring functional impairment has never been validated for quantification of LAs. Our primary endpoint was radiological volumetric change at 6 months because this parameter is the most objective one amongst various other parameters. We evaluated not only the clinical symptoms but also severity and QOL scores.
We referenced common criteria of each organ and dysfunctions because these criteria were very useful and easy for us to assess [14, 15] . Our results revealed that severity scores could be used to assess treatment efficacy, but we used only the sum score and not each individual symptom score in the statistical analysis because of differences in symptoms experienced by each patient. We also analyzed the change in score for each organ in our patients (see Additional file 1), which showed a tendency for improvement in each organ. Unfortunately, these data were insufficient to examine the efficacy because the number of cases was small. However, each score might be able to be used in evaluating the severity of each symptom because these scores have already been used as criteria for assessing each organ in various studies. Furthermore, we used QOL scores and these were very useful in evaluating patients. It is difficult to do QOL surveys of pediatric patients because we must consider the development and age of the child as well as the specific disease. PedsQL Scales were used in a previous study [6] and have been shown to have high versatility in a variety of diseases and situations. It has been found that there is a significant relationship between observed radiological reduction in lesions and improvement in PedsQL scores. Our results showed that volume reduction in lesions could lead to improvements in a patient's state.
Precise assessment of radiological images of LAs is very important. No standardized methods for evaluating LAs result from defects in the lymphangiogenesis, lymphatic development, and lymphatic vasculature remodeling [18] . Recent studies revealed that there were somatic genetic abnormalities in patients with LMs [7] . Sporadic LMs may be caused by somatic changes in components of the phosphoinositide 3-kinase (PI3K)/ mTOR and RAS/mitogen-activated protein (MAPK) signaling pathways [19] . MTOR inhibitors target protein synthesis downstream of the Akt pathway and are predicted to be effective in disorders where the mTOR growth control pathway is affected [19] . Somatic activation of related genes can cause the growth of abnormal lymphatic endothelial cells and dysplasia of lymphatic canals and valves [18] . This would be associated with the pathogenesis of local lymphatic dysfunction or excessive activation of local lymphatic tissues. It may occur at the normal distribution areas or from lesions that are not distributed. Although the mechanism by which sirolimus affects LMs is still unknown at present, normalization or inactivation of signaling pathways involved in the development of abnormal lesions might play a role in the efficacy of sirolimus treatment. In experimental models, sirolimus is thought to act on lymphatic tissues within lesions to regulate the production and leakage of lymph by decreasing lymphatic endothelial cell activity. In a lymphangiectasia mouse model, Baluk et al. demonstrated that sirolimus not only prevents the growth of abnormal lymphatics but also induces the partial regression of lesions, without apparent effects on normal lymphatics [20] . This regression is accompanied by reductions in Prox1 and vascular endothelial growth factor receptor-3 but not by caspase-dependent apoptosis of lymphatic endothelial cells. In our study, sirolimus caused a reduction in the volume of lymphatic lesions. This may lead to an impairment in abnormal lymphatic flow and a decreased flow of lymph fluid. However, the dilated lymphatic wall remained.
Our study had some limitations. First, this was a study and the number of registered patients was small. It included patients with a variety of LAs and heterogeneous disorders, so it was necessary to consider the differences of each disease or condition. Second, the severity scores that we used have not been validated in assessing vascular anomalies; however, these severity scores consist of general criteria for evaluating severities of each organ and condition, and we will be assessing their validity for these conditions in a future study. Third, trough levels should be maintained at 5-15 ng/ml, as shown in previous studies; however, actual trough levels ranged more widely. In a previous phase 2 study, trough levels were maintained at 10-15 ng/ml [6] . A systematic review reported that the expected trough levels of sirolimus in most studies (19/25, 76 .0%) were 5-15 ng/ml [21] . Currently, there are no standardized methods for its optimal dosing. A previous in vitro study demonstrated that the highest dose of rapamycin reduced the incidence of lymphatic anomalies, but it also increased toxicities [20] . There were some patients who achieved good responses with trough levels less than 5 ng/ml. Further study of the association between trough levels and efficacy and safety of sirolimus is needed.
In conclusion, we performed a prospective study of sirolimus treatment in patients with LMs and employed useful assessment methods. Sirolimus reduces the lymphatic tissue volume associated with LMs and could lead to improvement of clinical symptoms and QOL.
